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ESTIMATION OF THYROXINE OUTPUT BY THE THYROID GLANDS OF NORMAL AND ]
ADRENALECTOMIZED RATS BY MEANS OF A SiMPLE COOLING TEST Py
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Adrenalectomy, adminietration of propylthioutacil, ot a combiaation of these two
treatments increased significaatly the rate of cooling of rats restrained aad subjected
to ait at 5° C. Propylchiouracil administration imcressed raze of cooling 55 percent
sbove chat of uatreated control rats while adeenzlectomy increased mte of cooliag
84 percent. The combination of these two ttratmentr increased rate of cooling 99 per-
cent. Dead rats coolrd 201 percent faster than control rats. Administration of graded
doses of thyroxize to both adrenslectomized — PTU-treated rats and to sormai —PTU-
treated rats indisaced tiat 1.9 and 4.4 gammz per day of thyroxine, respectively, were
] required to retum tate of cooling to that of compascble controls. These doses are,
3 ) therefore, the best estimates of thyrozine outputs by thyroids of these snimzis. The:
1 tesults suggest that adrenalectomy is accompanied by diminished thyroid function.
This fact makes difficult any cvaluation of the relstive rries of thyroid gland and

T

adzenal glands in the mainteaance of budy temperature of rats cxposed to cold.

Many separats studies have shown that rats
without acdrenals survive only a few hours when
subjected to cold air (1-3). Surgically thyroidec-
tomized rats may survive 4 or 5 days at similar
temperatures (1, 4). Despite these facts, little
is known of the relative contributions of each
of these glands to the maintenance of Lody
temperature of rats subjected to cold air.
Previous studies had showe that esdrenalectomy
increased rate of cooling of rats subjected to
cold air approximately 66 percent above thau of
nomal rats subjected to cold air in the same
fsshion (3). An objective of the experiments
reported here =as to determine the effect o,
thyroidectomy and of thyroidectomy plus adrenai-
ectomy on cooling rate in order to assess the
relative contributions of each organ to main-
tenance of body temperature during exposure to

cold air. It also seemed vpossible that this
<imple cooling procadure mignt be used to es-
timate daily output of thyzoxine by thyroid glaads
of nor1al and adrenalectomized rats. The results
of the experiment support this possibility and
sugges.t that the thyroxine output of adrenalecto-
mized rats is less thaa half that of normal cats.

Received fot publication oa 8 September 1930,

METHODS AND RESULTS

Male rats of the Holtzman sirain were used in
all experiments. Body weights of the rats ranged
from 200 to 250 gm. This range was strictly
maintained because of the known effects of bedy
weight on cooling rate (3). Large rats have been
shown to cool more slowly than smaller rats.
The effect of body weight on coolirg rate within
the rang~ of body weights from 200 to 250 zm.
was corrected by means of the formula given
previously (3% By this means cooling rates wete
corrected to a standard weigh: of 240 gm.

Three separate experiments were performed.
The materi-ls and methods which were comr.on
to all three experiments are described below.
Tne rats were kept 2 or 3 per cage in a room
mainrziaed at 24° + 1° C. and illuminated from
8 a.m. to 6 p.m. All rats were piven Purina
laboratory chow as food and were allowed ad
libitum choice between tap water 2ad 0.15 molar
NaCl solution as drinking fluids uaril the cooling
test took place. '

Adrenalectcmy was performed by the dorsal
approach under ether anesthesia one week prior
to the cooling test. Control rats were sham-op-
erated to assess the effects of the operation.
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Sharni-operation consisted of removal of a piece
of fatty tissue from the region <f the adrenal
gland.

To effect chemical ‘‘thyroidectomy’’ propyl-
thiouracil, at a level of 0.1 percent, was mixed
thotoughly into the diet. Treatment was begun
two weeks prior to the cooling test.

Colonic temperature was measured using 7
copper-constantan theimocouple which was ia-
serted 5 cm. into the colon of the rat. The ther-
mocouples were led off to a potentiometer which
contiruously recorded the colonic temperature.
The rats were restraine i prior to cooling by
taping each foot with adhesive tape and leaving
a free tab, which was tacked to a board. After
restraict for 15 or 20 minutes at room temperi-
w-e, the rats were placed in a thermoregulated
room maintained at 5° + 2° C. The relative hu-
midity of the room varied from 8C: to 85 percent.
Each rat was kept in cold air until its colonic
temperature fell to 26° C. at which time it was
removed from the cold; it was then freed and
rewarned artificially. Since repeated e, posures
to air at 5° C. have been shown to adapt rats to
cold (i.e., reduce rate of cooling), cach ra* in
these experiments was used in only one test.
Over the range of colenic temperatures from 38~
to 26° C., the relationship between cnlonic tem-
perature and duration of cxvosurc to cold air
was found, in previcus studies, to be linear for
both sham-operated and adrenalectomized rats
(3, 5). Therefore, colonic cooling rate (CCR)
measured in degrees centigrade per hour was

TTTT ™ g e g e - - — e o e -

subsequently used to assess response of ruis
to cold. Statistical analysis of the difference
between means was performed Sy the use of the
t-test for the 95 percent confidence limit (6).

Experimest |

One hundred and three rats were used in this
experiment. Thirty-two rats were given propyl-
thiouractl (PTU); 21 were adrenalecymized; 14
were treated with PTU md adrenalectomized; 7
were sacrificed by ether inhalation just prior to
the ccoling experiment; and 29 were sham-oper-
ated controls.

Details of this experiment—including number
of rats pecr group, resting colonic temperature,
and colonic cooling rate —are given in table I.
In the order of increasing cocling rates the
groups may be arranged as fol_ows: sham-oper-
ated, PTU-treated, adrenalectonized, adrenzi-
ectomized + PTU-trcated, and dead rats. Thas,
PTU treatment inuiecased CCR 54.9 percent
above that of control rats; adrenalectomy, 84.0
percent; adrenalectomy + PTU :ireatment, 99.2
percent; dead rats were found to cuol 200.7 per-
cent faster than control rats. [t appears that the
effects of adrenaleccomy and PTU-treatment
are not quantitatively additive. Treatment of
adrenalectomized rats with PTU did ot increase
CCKk significantly above that of adrenalecto-
mized-untreated rats (P - .14). Each experi-
mentai group listed in table [ cooled significantly
(P < .01) faster than the sham-operated, control
rats.

TABLY |

Tke effect of thymtd and adrencl plands on colonic cocling rate and
resting colomic temperature of rats

Number | Mcan body Resting Colonmic Increase
Group of weight colonic cooling pe above
tats (gm.) temp. (CC) | tate (°CL hr) control group
Sham-operated 20 248 7.4.011] 3030310 | _ -
PTU-treated 32 224 ¥.5+0.2 { 6.09+0.28 |- .01 54.9
Adrenalectomy 21 218 35.7+0.2 | 7.2340.26 |< 01 31.0
Adx + PTU 14 215 34.9 + 0.3 7.8 ¢0.27 |~.01 9.2
Deat 7 252 6 3.0, (11824052 |<.0] 200.7

*pProSability valwe {comparison with CCR of <ham of srated group).

t4 | standard errot of meas
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Tabie 1 also lists the initial mesn colonic
temperature of each group of racs in air at 25° C.
Each of the treatments listed reduced resting
colonic temp: rature siganificantly (F < .l1)
telow th:: of contrel ratc.

Experiment 2

Forty-four rats wore used in this experiment.
Fifteen rats were treated with PTU for two weeks
prior to the cooling test and were given an intra-
puitonex! injection of 2.5 gamma thyroxine per
day (in 5.25 ml. normal saline) for two days be-
fore and on the day of the cooling test (one hour
before cold expouire). line sther rats were alse
treated wath PTU but were given 3 gamma thy-
roxine per day (in 0.25 ml. saiine), while a third
DTU-treated group of 8 rats receives 4 gamma
thyroxine per day. Control rats were injeciad
with 0.25 ml. saline. A fifth group of 12 rats
was givan PTU + 0.2 percent desiccated thyroid
powder, mixed thoroughly inio the diet, for two
weeks preceding the test. All rats were sub-
jected to the standard cooling test described
above.

The results of this experiment are shown in
table 11 and figure 1. Administration of 2.5
gamma thyroxine per day to PTU-treated rats did
not couuteract completely the effect of propyl-
thiouracil on colonic cooling rate. These rats
cooled 39.6 percent faster than shutm-operated

TABLE I!

Effects of propylthiouracil and thyroxine tiv:itment on colonic cooling rate
of sham-operated rats

928
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controls. Administration of 3 gamma thyroxine
per day to PTU-treated rats retumed CCR to
12,7 percent of that of control rats while udmin-
istration of 4 gamma reiumed rate of cooling
nearly to 10mal (7.6 perzent). Differences be
tween mezn CCR’s of sham-operated rats end
rats receiving 3 or 4 gamme thyroxine were not
significant. Addition of 0.2 percent desiccated
thyroid powder to the food appeared to produce
an effect on CCR equivalent to daily injection
of 3.2 gamma thyroxine per day. Administration
of even the lowest dose of thvzoxina (2.5 gamma
per day) returned to normal the isitial resting
colonic temperature as measured prior to cooling
(table II). Further increase in dose level to 3
and 4 yamma per day caused an elevation in
colonic temperatuse significantly above that of
sham-operated rats.

It may be observed in figure i that a smooth
curve connecting tie mean cooling rates of P1U-
trezted, norm2! rats given 0, 2.5, 3, or 4 gamma
thyroxine per day would cross the line repre-
senting mean cooling rate of sham-operated rats
at 4.4 gamma thyroxine per day. I’ it is assumed
that PTU inhibits completely only thyroid func-.
tion, this value would appear to be an estimate
of tlie daily thyroxine output cf the thyroid gland
of the normal rat since it is this dose of thyrox-
ine which returns rate of cooling of PTU-treated
rars to that of uatreated, nurmal rats.

Number ] Mex: oly Resting ! Colonic Pertcent
Group of S ght colonic cooling P* | inctease above
1ats (sm.) tewp. (°C.) | sate (°C./hr.) control gea 1p
Sham-operated 29 i 248 7.4+ 0.0°138 2001 | - -
PTU-created 32 224 36.5 2 0.2 |69 20.28 < .01 54.9
Pli; + 25y
thyroxine 15 231 374+ 2.1 15.19 + 0.2¢ <.01 9.0
PTU +3.0y E
thyroxine 9 241 38.1 - 0.1 14.:3 £0.56 .44 12.7
FTU + 40y
\vroxine 8 243 38.3 + 0.1 [4.23 + 0. 44 G4 7.6
PTU + 0.2% 4
desiceated "
thyroid powder] 12 | 231 f17.9+0.2 J1.92 v 0,25 .06 25.2
*Probebility value {compatison with CCR of sham-opcrated groug).
*4 1 standard ~ror of mean.
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FIGURE 1
Colonic ccoling rate (°C./br.) graphed against the dose of thyroxine administered
.gemma/lay) to adrenalectomized (&) and normal (& rats receiving PT. 1 standard ermr
is set off at each mean. The mean colonic -ooling rate of adrenalectomized untreated rats
t 1 standurd erro” is shoun &« & line across the top of the figure; that for sham-operated rats
13 represented by a line across the bottom of the figure. The :xumber in parenthesis repre-
sents number of rats used.
Experiment 3 thytoxine per day retumed CCR of PTU-treated,

Sixty-three rats were used in this experiment.
All rats were adreralectomized one wcek prior
to the cooling test. Then PTU was used, treat-
ment bejan two weeks prior to the cooling test
while thyroxine treatment began two days prior
to the coolirg test with °he final dose being
given on the day of rhe cooling test, one hour
before cold exposure. The various treatments,
number of rats in each group, mean body weight,
initial body temperature prior to cold exposure,
and colonic zouling rate are given in table III.
The probability values shown in table II! indi-
cate that treatment with PTU and 4 or 5 gamma
thytoxine per day decreased significantly the
CCR.

Ia figure 1 it may be observed that 1.9 j;amma

adrenalectomized rats to thatof adrenalectomized
rats. Iligher doses of thyroxine decreased raie
of cooling still further. Administration of 5.0
gamma per day of thyroxine to PTU-treated,
adrenalectomized rats reduced CCR significantly
below that of adrenalectrmized tats and within
29 percent of that of ".«m-operated rats.

Table [l indicates that administration of
3.0 gamuma o more cf thyroxine per day to adren-
alectomized — PTU-trect»d rats returned resting
Lody temperature to that of sham-operateqd rats.
Lower doses were ineffective n this regard.
None of the doscs used increased body temper-
ature of adrenzlectomized rats above thac of
sham-operated rats as was observed for normal
PTU-treated rats (tsble II).

4 Zeatauntior b
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DISCUSSION

The tate of fall of colonic tempersiure of
restrained rats exposed tc air at 5° C. is influ-
cnced by both adrenal ana thyroid glands. Re-
moval of either increases rate of cooling. It is
interesting that th: comtination of adrenalectomy
with propylthiouracil treatment did not make the
effects of eech additive. However, rate of cooling
of such rats was greater than that of either
treatment alone, The relative contribution to
heat production by muscular activity of adrenal-
ectomized tats may “e Jifferent from that of
thyroidectomized or normal rats. (his possibility
could help to «.p.ain the differences in cooling
rate of these three groups of rats. Ring (7) has
shown that total body heat production of adrenal-
ectomized rats et any given bndy temperature
during cooling was less than that .f normal rats
while the change of metabolism (hes: >roduction)
per change of body temperature was slightly
higher. It is likely chat the lower metabolism of
adrenalectomized 1.ts during cooling is due
either to muscular fatigue (less shivering) or to
depletion of carbohydrate storcs or both. Other
experimrutnl evidence exists which supports
the {act that muscles of adrcnalectomized rats
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fatigue more quickly than those of normrl rats (8).
The relative fatigability thyro’dectomized
rats apperentiv has not been tested.

These experiments sugges:, but do not prove,
that adrenalectomy, in addition to abolishing
adrenal function, also appears to diminish thyroid
function. Administration of PTU to adrenalecto-
mized rats did not increase significanily the
cooling rate above that cf adrenalectomized
rats (table III). ‘leasurement of cooling rates
of PTU-treato’ —adrenalectomized rats given
graded doses of thyroxine suggests chat the
daily output of thyroxire by thyroid glands of
adrenalectomized rats is less than half that of
thyroid glands of normal racts. This interp:stasion
of the data agrees with the findings ' Flickiger
and Verzér (9, who cbserved that tracer doses
of radioactive icdine were picked up 1ormally
by thyroid glands of adrenalectomized rats but
were released much more slowly. These suthors
suggestad that the decrease in release-of radio-

active jodinz by the thyroid gland followiag’

adrenalectomy was a consequence of the reduced
metabolic rte a:companying this condition.

The redaced thyroid functior of adrenalectomized-

rats is an important consideration in attempting

TABL® I

el Ay
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The effect of thyroxine and propylthicuraril on the colonic ccoitng rate and

resting body temperature of adrenalectomized rat.-

Numbe-{| Mean body | Resting body Colonic
Groap of weight | tenperacure cooling pe pt
s (gm.) v C) cate (°C. /)
Sham-operated 29 248 37.4 +0.13 ] 3.93 + 0.31* - -
Adrenalectomized} <1 238 36.7 2 0.2 | 7.23 £ 0.26 - <01
Adx. + PTU i4 215 349 +0.3 | 7.P, 027 Jdt)<.0l
Ad«c.+ PT] »
{ y viytoxine 7 253 36.3+0.3 | ~.81+ 0.6l -32]<.01
idz. + PTU +
2 5 y thyroxine | i0 231 35.7 £ 0.1 |6.77 £0.35 ] o1
Adxz. + PTU +
3.0 v thyroxine | 14 241 37,3+ 0.2 16.3 + 0.4l .07 |~ .01
Adx. + BTU +
4.0 y tayroxine | 11 28 37.5+40.2 Js77 + 0.4l <.01 .01
Adx. + YU +
5.0 y thycovine 7 F33) 317.340.2 15.08+0.19 |~.0l ]| .09

‘Prob.bilir-f"ulue (comp sisom of CCR wirh that of adrenalectomszed growp).

tprobability ©alue (comparizon of CCR with that of sham-oper ited group)
4 | stasdard error of m. . .
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to assess the relative contributions of adrenal
glands and thyroid gland to maiatenance of body
tempersiure in the cold. This finding suggests
snother possiltle explanation for the faster
cooling of adrenalectomized rats as compared
with PTU-trcated rats.

The estimated thyrocine output of the thiyroid
gland or normal rrts ‘n this experiment was 4.4
gamma per day. Tiis value is similar ¢o that
observed by Dempsey and Astwood (5.2 gamma
per day) to e aecessary for teduction of thyroid
size to noma’ after treatment with thiouracil
and maintenance at an air temperature of
25° C. (10). Similar experiments were not per-
formed by these investigators on adrenalecto-
mized rats.

It is ianteresting to comp:re the data of ex-
perimeat 1 with that observed in experiments 2
and 3. The combiration ot . renalectomy and

.thyroidectomy increased rate ¢{ cocling 99 per-

cent above that of sham-oferated, control rats,
while thyroidectomy (PTU treatment) alone in-

,creased cooling rate 55 percent above that of

conirals. The difference between these two
skouid be due to lack of adrenal glands (44 per-
cenz). But alrenalectomy alone was observed to
increase rate of cooling 84 percent above that
of control rats. The difference between this
value and i calculated by difference above
(44 percent) must be that resulting from lack of
thyroid function (45 percent). If it is assumed
that PTU-treatment causes completz inhibition
of thyroxine formaticu by the thyroid gland, then
the thyroid gland of adrenzlectomized rats must
be functioning at (55-45)/55 x 100 or 19 percent
of its nomal activity. /ssuming a normal daily
thyroxine output of 4.4 gamraa per day, the
cooling rate data above would suggest that the
daily thyroxine outpuc of adrenalectomized rats
was about 0.8 gamma per day. This is about half
of that calculated from experiment 3 (1.9 ganma
per day). ‘ualitatively, this rough calculation
also indicates a recreased thyroid function in
adrenslectomized rats. The quantitative differ-
ences between the daily output of thyroxine
calculated wbove and that observed in experi-
ment 3 may be due to the implicit assumption
used above—viz, that thyroidectomy inhibits

B e e e e s v et by gy 2t it ws v midmemn e mt o atroboam e mm wne e a® e
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only thyroid function and adrenaloctomy inhibits
only adrenal function. This assumption is prob-
ably incorrect. For example, experiment 3 uas
demonstrated that adrenalectomy is accec...panied
by decreased thyroid function. On the other hand,
surgical thyroidectomy (11) or treatment with
thiouracil (12-14) appear to produce adrenal
atrophy and diminished adrenal function, although
propylthiouracil does not (15, 16).

It may be observed in figure ! that lirear ex-
trapolation of the curve for adrenalectomized
rats treated with PTU to the line representing
the mean colonic cooling rate of sham-operated
rats would give an iniersection at approximately
7.1 gamma thyroxine per day. This is the amount
of thyroxine required theoretically to retum rate
of cooling of PTU-treated —adrenalectomized
rats to that of sham-operated rars. This valueis
considerably hisher than that necessary to retum
rate of cooling of PTU-treated normal rats to that
of sham-operated rats (4.4 gamma per day). It is
possible that this difference in dose levels
between adrenalectomized and sham-operated
rats may represent a difference in utilization
of thyroxine at the cellular level. Inaeed, l{offman
et al. (17) observed that the oxypen consumption
of adrenalectomized thyroidectomized rats given
thyroxine did not increase by the same percent-
age as that of thyrotdectomized rats given thz
same dose of thyroxine. Administration of adrenal
cortical extract to the adrenalectomized-thyroi-
dectomized rats resulted in a normal response to
injections of thyroxine.

Although it has been observed that adrenal-
ectomized rats cool faster than thyroidectomized
rats, it cannot be siated unequivocally that
adrenal glands are more important in maintenance
of body temperature during cold exposure under
these conditions. The more rapid cooling rate of
adrenalectomized rats could be due to: (a) de-
creased thyroid function; (b) decreased utdliza-
tion of thyroxine at the cellular level; (c)
decreased muscular activity and shivering;
(d) a combination of all these factors and
(e) other factors. Items (a) and (4) above have
been observed experimentally; the other possi
bilities musc await further experimentation.

.
+

|
|
i




adh

Ll b

Pt S

59-28

SUMMADPY

Adrenalectomy, administracion of propylthi-
ouracil, or a combination of these two treatments
increased significantly the rate of cooling of
rats rustraaned and subjected to air at 5° C. Pro-
pylthiouracil administration increased rate of
cooling 55 percent above that of untreated, con-
trol rats while adrenalectomy increased rate of
cooling 84 percent. The combination of these
two treatments increased rate of cooling 99 per-
cent. Dead rats cooled 201 percent faster than
control rats. Administration of graded doses of
thyroxine to both adrenalectomized ~ PTU-treated
rats and to normal — PTU-treated rats indicated
that 1.9 and 4.4 gamma per day of thyroxine,

respectitely, were required to return rate of
cooling to that of comparable controls. These
doses are taureforc the best estimates of thyrox-
ine outputs >y thyroids of these animals. The
resuits suzgest that adrenalectomy is accom-
panied by diminished thyroid function. This fact
makes difficult any evalvation of the relative
roles of thyroid gland and adrenal glands in
the mainctenance of body temperature of rats
exposed to cold.

The author acknowledges with gratitude the technical
assistance of W. Selser.
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